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Energy efficient office buildings are intended to provide a comfortable and healthy 
environment for their occupants as well as reducing the energy consumption of the 
building.   They are often designed as “showcase” buildings illustrating the potential 
for savings through some innovative design technology. But do such buildings 
actually deliver the desired energy savings and satisfactory comfort conditions for 
occupants?  Measurements of a “green” University campus building  in Victoria, 
Australia, designed with an innovative fabric energy storage system, demonstrate that 
the ventilation system is not providing acceptable indoor air quality conditions. The 
design strategies used to reduce energy consumption have had negative consequences 
on the air quality of the building.   Insufficient fresh air is being drawn into the 
building leading to an excessive build up of carbon dioxide. It is recommended that 
monitoring systems need to use a wider range of measurements than temperature 
alone to guarantee good quality indoor air and working conditions and that 
commissioning of buildings should include adequate monitoring of the operational 
performance of the building.  Designers need to be made aware of the potential 
consequences of their decisions when attempting innovative energy-efficient designs. 
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INTRODUCTION 
Building designers respond to market demands.  In the 1970’s, air ventilation and 
infiltration rates were reduced in an effort to save energy as a response to the oil-
crisis.  The unintended consequences were often inadequate removal of pollutants and 
an increase in health problems.  The latest imperative to reduce energy consumption is 
creating a new generation of office buildings that combine natural ventilation and 
passive building elements to reduce energy use.  However, there is evidence again that 
such “green” buildings do not always create comfortable or healthy conditions and 
there is a body of research documenting cases of dissatisfaction with the environments 
created (www.cbe.Berkeley.edu2, Leaman and Bordass 1999).  Innovations often 
come with unintended unsatisfactory outcomes.  A key problem is that few buildings 
are monitored to see if their actual performance meets the original design intentions.  
There is a need for monitoring to become a routine part of the feedback to designers to 
ensure that innovative buildings perform to the standards intended (Leaman 2005).   
A University campus building in a suburban location of Melbourne has been subjected 
to a number of investigations of its performance.  It has an innovative fabric energy 
storage system (which tempers incoming fresh air and recirculates internal air) and 
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mixed-mode ventilation and heating/cooling systems.  Whilst this system has been 
well-proven in cold climates (Winwood 1997, Probe Team 1998), it is untried in a 
climate where cooling is the predominant mode for creating comfort conditions 
(Fuller 2004a).   
There have been frequent reports of poor indoor air quality from occupiers of offices 
on the top floor.  Monitoring of carbon dioxide levels and air change rates was 
undertaken to try to establish whether the ventilation system met current standards and 
what might be the sources of the complaints.  Measures of carbon dioxide 
concentration are commonly used to assess the adequacy of ventilation of internal 
environments.  Carbon dioxide is a naturally occurring by-product of metabolic 
processes.  Levels of carbon dioxide indoors are therefore a good indicator of the 
number of occupants – the greater the number of occupants, the greater the amount of 
carbon dioxide produced.  Carbon dioxide build-up can be attributed to inefficient 
ventilation systems.   
The monitoring undertaken in this project demonstrates some of the possible problems 
associated with a lack of adequate evaluation as part of the commissioning process of 
innovative energy-saving designs.  These measurements form part of an on-going 
programme of measurement and monitoring to test the performance of this showcase 
building. 
INDOOR AIR QUALITY AND VENTILATION 
Ventilation is necessary to provide fresh air and dilute and remove pollutants in order 
to provide a healthy environment.  Pollutants in offices include metabolic carbon 
dioxide, volatile organic compounds from furnishings and fittings, and ozone and 
carbon emissions from printers and photocopiers as well as bio-effluents such as body 
odours.  In many office buildings, metabolic carbon dioxide may represent the 
dominant pollutant.  A single breath from an average adult contains approximately 
2500 to 5000 ppm of carbon dioxide, a concentration 100 times higher than found in 
outdoor air.  Adequate ventilation is needed to dilute and remove this continuously 
generated carbon dioxide and other pollutants. The effects of inadequate ventilation 
range from discomfort and reduced productivity to acute and chronic health problems.  
It is therefore important to set standards for effective ventilation and ensure these are 
achieved. 
Effects of inadequate ventilation – poor air quality 
Inadequate ventilation could prove extremely costly.  The costs of absenteeism 
through sickness caused by unhealthy buildings (“sick building syndrome”) could be 
insignificant when compared to costs of lost productivity or litigation.  Employers 
need to be increasingly aware of the need to offer a good working environment 
(Davies 2005).  Fisk (2000) estimates the health benefits and savings for the USA 
from reduced respiratory illnesses at US$6-14 billion, allergies and asthma US$2-4 
billion and sick building syndrome symptoms US$10-30 billion, with productivity 
gains of between US$20-160 billion. 
Ventilation rates below 10 ls-1 per person are statistically associated with significant 
worsening in one or more health or perceived air quality outcomes (Seppanen et al 
1999).  The economic cost of employee sick-leave appears to be considerably lower in 
offices with twice the minimum outdoor air supply rate, in comparison with offices 
with the minimum recommended outdoor air supply rate (Milton et al 2000). 
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Pollutants in the air do not necessarily have to cause health problems to have an effect 
on productivity.  Wyon (2004) recommends increasing the rate of clean outdoor air 
supply from 3 to 10-30 ls-1 per person for measurable increases in productivity, which 
can be as much as 15% (Damian 2004). 
Perceptions of air quality are also important for worker satisfaction and productivity.  
Satisfaction with air quality and warmth are the most important factors when 
quantifying occupant comfort (Humphreys 2005).  Previous studies found that the air 
quality was perceived as less acceptable with increasing indoor air temperature and/or 
humidity (Fang et al 2004, Berglund and Cain 1989).  Even if the air is clean, warm 
and humid air is always perceived as stuffy and unacceptable.  Carbon dioxide levels 
can also affect perceptions of air quality – sleepiness and lethargy are common 
symptoms of elevated levels of carbon dioxide.  Concentrations above 800-1000 ppm 
indicate an inadequate supply of fresh air.   
Ventilation standards 
The amount of fresh air entering a building is usually indicated by the air exchange 
rate.  The current Australian standard required in all commercial office buildings is 
7.5 ls-1 per person.  However, many overseas studies have demonstrated the benefits of 
ventilation rates over 10 ls-1 per person to reduce health problems, and generate 
improved comfort and productivity (Wyon 2004, Milton et al 2000, Seppanen et al 
1999), yet even this higher rate may not be adequate in providing satisfactory air 
quality (Wargocki et al 2000), and carbon dioxide levels are recommended as a better 
indicator of air quality and the effectiveness of pollutant dilution and removal. 
The European standard organisation has provided descriptors of air quality associated 
with certain levels of carbon dioxide above the outside level (Olesen 2004) and these 
are combined in Table 1 with a range of international standards.  Provided indoor 
carbon dioxide levels are kept below 800ppm above the outdoor air concentration it is 
likely that sufficient outdoor air is being brought into the environment.  
 
Table 1: Levels of CO2 and associated air quality indicators 
Description CO2  (ppm) Health effects Standards or Use as Indicator 
High indoor air quality < 400 None 
Medium indoor air quality 400-600 None 
Most indoor complaints 
eliminated, used as an indicator 
of adequate air exchange 
Acceptable indoor air 
quality 
600-1,000 None Used as an indicator of 
ventilation inadequacy in 
schools and public buildings 
Low indoor air quality 1,000 None Used as an indicator of 
ventilation inadequacy 
concerning odour removal 
ASHRAE 1989 
 5,000 No effect threshold Permissible Exposure 
Limit/Threshold Limit Value 
ACGIH 1999/OSHA 1997 
 30,000 Severe headaches, 
diffuse sweating and 
laboured breathing 
Short-term Exposure Limit 
ACGIH/OSHA 1997 
(After Olesen 2004) 
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BUILDING AND VENTILATION DESCRIPTION 
The test building is located on a suburban University campus in Victoria, Australia.  It 
has been designed to environmentally sustainable principles with a main East-West 
axis and a central corridor atrium on three floors totalling 3300 sq m (see Figure 1). 
The building is mainly naturally ventilated but uses the structural floor panels as a 
means of tempering the air circulated within the building.  Depending on 
environmental conditions, the air is drawn from the outside, the atrium or from a 
centralised plant.  The air is forced through a series of hollow-core concrete floor 
planks.  The hollow-core planks act as a heat-exchange mechanism either adding or 
extracting heat from the ventilation air to suit seasonal and ambient conditions. 
The floor plan of the building is divided into self-contained “pods” each averaging 74 
m2.  Full-height walls separate the pods from one another.  Each pod is served by an 
individual fan coil system.  Each pod can be isolated from the rest of the floor and the 
mechanical system used as required.  Typically the floor pods contain open plan 
offices or individual offices with low-height partitions.   
 
Figure 1: Typical floor plan, section and office “pod” layout 
 
 
The building has 8 modes of operation that are determined by internal and external 
conditions as the prime variables (see Table 2).  
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Table 2: Modes of operation and governing conditions  
  Conditions 
Mode Description  Outside Air 
Temp  
(0C) 
Internal 
Air Temp 
(0C) 
Atrium 
Air Temp 
(0C) 
Panel 
Temp  
(0C) 
1. Boiler heating < 15 < 20 na na 
2. Atrium heating < 18 < 20 < 20 na 
3. Idling  18-26 20-28 na na 
4. Day cooling > 26 na na na 
5. Night cooling > 20 
after 10pm 
na na > 20 
6. Night purge na outside air 
+ 2 
na > 20 
7. Warm up na na na < 18 
8. Shut down na na na na 
(na – not applicable) 
 
So for example, mode 2 “atrium heating” will occur when outside air temperatures are 
less than 18 deg C and internal and atrium air temperatures are less than 20 deg C.  
“Night purge” will occur when internal air temperatures are at least 2 deg C warmer 
than external temperatures and the temperature of the concrete Termodeck panels 
exceed 20 deg C. 
The building is not air-conditioned.  The ventilation system is a hybrid combination of 
natural and mechanical ventilation integrated with the building’s structure.  The 
heating and ventilation systems have been designed assuming a comfort range of 18-
28 deg C and occupants are expected to be active in controlling their climatic 
environment by dressing appropriately and using the available manual controls which 
include operable windows and ceiling fans, giving localised individual control. 
External and perimeter windows are operable both directly to the outside and also 
onto the central atrium.  On days of extreme temperatures, the ventilation air is pre-
cooled or pre-heated by a centralised plant and ducted to the individual pod air-
handling units.  There are two large extract fans located above the central atrium space 
that assist with ventilation.   
MEASUREMENT PROCEDURES 
The test building has been subjected to a number of monitoring exercises as part of 
ongoing environmental performance assessment (Fuller 2004a, Fuller 2004b).  As part 
of an assessment of ventilation, air sampling was carried out over a 48 hour period in 
two office pods on the third floor on the north and south side of the building.  These 
offices were selected because of reports from the occupiers of frequent poor air 
quality, stuffiness, drowsy conditions and odours.  A multipoint sampler and doser 
were used to measure building air change rates using the tracer gas decay technique.  
Carbon dioxide concentrations were also measured.  The methodology for air change 
rates using tracer gas decay is described in ASTM test method E-741 (ASTM 2000).  
The tracer gas technique determines the rate at which outdoor air enters a building, 
including both intentional outdoor air intake through the air-handling systems and 
infiltration through leaks in the building envelope.   
The air change rate in the two pods was measured using sulphur hexafluoride (SF6) as 
the tracer gas.  Sulphur hexafluoride is stable, colourless and odourless and, at the low 
levels used for atmospheric studies, causes no known environmental or health risk. 
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The tracer gas decay rate represents the air change rate for that space. The system 
comprised a computer-based data acquisition and control system equipped with 
electron capture. An external weather station monitored outdoor air temperatures, 
wind speed and direction. External air temperatures ranged from 16.9 to 25.8 deg C 
during the measurement period.  The winds were light and locally from the North.  
The building was therefore operating in Mode 3. Figure 2 gives a schematic of the full 
passive mode where the central atrium mechanical extract fans can operate to extract 
warm air.  During the measurement period, the extract fans did not activate.  
 
Figure 2:  Passive mode of operation 
 
 
 
RESULTS  
Figures 3 and 4 illustrate the carbon dioxide levels measured in the two office pods.  
Figure 3 displays results from a shared office space with 7 occupants. The background 
level of carbon dioxide is shown by the night time readings of 360ppm.   
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Figure 3:  Carbon dioxide levels, shared office space, South side top floor. 
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The carbon dioxide levels rise during the day to reflect the total occupancy of the 
building (550-650ppm) with a series of peaks up to 900ppm from individual office 
occupants.  The highest peaks represent individuals close to the sampling point. 
Overall the carbon dioxide levels are within recommended levels of “acceptable” or 
“medium” quality indoor air.  The air change rate measured for these offices was 50 
ls-1 – well above the recommended 7.5 ls-1 per person Australian standard AS1668.2-
1991 and international standards, but the air change rate may not represent fresh air 
being drawn into the building. 
Figure 4 shows measurements from an internal office on the North side of the 
building, unoccupied for the period of study.  The carbon dioxide levels again rise and 
fall in response to total occupation of the whole building.  This indicates that instead 
of ventilation being drawn externally through open windows (see schematic Figure 2 
above), air loaded with carbon dioxide from the occupants of the whole building is 
being drawn from the atrium. A local peak of 1040ppm was recorded when someone 
entered the office for a short period.  The ventilation rate at 4 ls-1 per person was well 
below the recommended rate for pollutant removal. 
Discussion of results 
The carbon dioxide levels were typically within acceptable levels for indoor air 
quality.  However, the air quality felt distinctly stuffy and “sticky”.  One feature of the 
ventilation for this building that may account for this is the atrium air being drawn up  
and through from lower levels.  The ground floor contains lecture theatres and the air 
drawn through the atrium and into the upper floors is likely to contain greater levels of 
carbon dioxide, humidity and body odours given off by students.  Although the 
operation mode indicates fresh outdoor air being drawn into the building from open 
windows, the rate of fresh air intake was apparently inadequate and there was likely to 
have been some mixing of air from the atrium.  This recirculation of stale air was 
having negative effects on the indoor air quality firstly through increasing carbon 
dioxide levels (as evidenced even in the unoccupied North side office) generated by 
all the occupants of the building and secondly, the rise in airborne bio-effluent 
Individual close to 
sampling point 
Night time CO2 
level 
Davies 
 
contaminants would also be rising at a similar rate compared with carbon dioxide 
levels.  This combination probably accounts for the frequent complaints of stuffiness, 
drowsiness, odours and poor indoor air quality. If the ventilation system was working 
as designed for this passive mode of operation, there would be no rise in carbon 
dioxide levels in the unoccupied office on the top floor.  The ventilation is obviously 
not functioning as intended. 
Figure 4:  Carbon dioxide levels, individual unoccupied office, North side top floor. 
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A further area affecting occupant satisfaction could be the level of control that 
occupants have over their environment.  Naturally ventilated offices tend to support 
higher levels of productivity than air-conditioned offices mainly because of greater 
user control (Leaman and Bordass 1999).  Even though the environment created is 
more variable and less predictable in terms of thermal conditions, occupiers tend to be 
more accepting where they have control (Melikov 2004) and become adapted to the 
range of conditions (Nicol and Roaf 2005).  The users of this building have a wide 
range of controls – windows opening externally and onto the atrium, and overhead 
fans supplemented in most offices with desk fans and electric fan heaters.  A manual 
over-ride switch has also been fitted so that top floor occupiers can turn the atrium 
extract fans on when conditions become too stuffy.  There is more than enough 
individual control – yet the conditions are frequently perceived to be unacceptable.   
CONCLUSIONS 
Energy efficient office buildings are intended to provide a comfortable and healthy 
environment for their occupants as well as reducing the energy consumption of the 
building.   They are often designed as “showcase” buildings illustrating the potential 
for savings through some innovative design technology.  However, such “green” 
offices do not always create comfortable conditions with occupiers reporting 
dissatisfaction with the environments created. The building under study uses an 
innovative fabric energy storage system and mixed-mode ventilation and 
heating/cooling systems. Occupiers on the top floor have been reporting poor indoor 
Individual close to sampling point 
Night time base 
level CO2 levels
Background 
building CO2 level 
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air quality. Monitoring was undertaken to try to establish whether the ventilation 
system met current standards and what might be the sources of the complaints.  
Carbon dioxide levels were measured as an indication of pollutant removal and 
therefore ventilation rates. Outside air exchange rates were also measured. The carbon 
dioxide levels were found to be within acceptable ranges for indoor air quality 
however, even in an unoccupied office, carbon dioxide levels rose during the day 
reflecting the metabolic production from the occupants of the whole building – stale 
air from the atrium space was infiltrating the top floor offices. Volumetric air speeds 
were acceptable in one office, but below standard in an interior office with no external 
window. The ventilation mode during the measurement period was fully passive in 
that there was no mechanical heating or cooling and air exchange was achieved 
through open windows and passive stack ventilation through the openings at the top of 
the atrium.   
One explanation for the stuffiness and poor air quality experienced could be the 
drawing up of air from ground floors through the atrium and mixing with the air in the 
offices. The ground floor contains lecture theatres and the air drawn through the 
atrium and into the upper floors will contain greater levels of carbon dioxide, humidity 
and body odours given off by students. This recirculation of stale air has negative 
effects on the indoor air quality through increasing carbon dioxide levels generated by 
all the occupants of the building.. The rise in airborne contaminants was also likely to 
be rising at a similar rate along with carbon dioxide levels. This combination would 
account for the frequent complaints of stuffiness, drowsiness, odours and poor indoor 
air quality. 
Whilst the air movement standards were being achieved, these may not be adequate 
for high quality indoor air and indeed the measurement of air movement on its own 
does not indicate the quantity of fresh air introduced into the building.  This confirms 
the results of other studies that have indicated that ventilation standards may not be 
sufficient for pollutants that are not considered immediately harmful.  Office worker 
productivity and satisfaction with their environment can be seriously affected by 
pollutants and indoor air quality. Ventilation rates required for indoor environments 
should differ depending on the load of pollutants present in the indoor air.  
Most heating, ventilation, and air conditioning systems recirculate a significant 
portion of indoor air to maintain comfort and reduce energy costs associated with 
heating or cooling outside air. This recirculation makes it extremely difficult for 
occupants and building operators to determine how much fresh outside air is present 
in the building.  The use of temperature as the prime indicator of comfort may be 
inadequate for buildings relying on non-conditioned air.  There is a need to establish 
guidelines for buildings using mixed-mode ventilation that use a combination of 
“comfort indicators” of both temperature and carbon dioxide.  
This study indicates that ventilation systems do not always work as designed.  
Occupants do not always use the controls effectively, nor does temperature as a guide 
to comfort provide satisfactory air quality.  Innovative buildings such as this, need 
careful commissioning of controls and monitoring to ensure that systems are working 
as intended.  It is recommended that monitoring systems need to use a wider range of 
measurements than temperature alone to guarantee good quality indoor air and 
working conditions and that commissioning of buildings should include adequate 
monitoring of the operational performance of the building.  Designers need to be made 
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aware of the potential consequences of their decisions when attempting innovative 
energy-efficient designs. 
This investigation was a first study of the ventilation system of this innovative fabric 
energy storage building. Future work will sample over a greater range of air 
temperatures and modes of operation and interview occupants about their experiences 
of indoor air quality. 
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